The autoradiographic [<SUP>14</SUP>C]deoxyglucose method for quantitative determination of local cerebral glucose utilization (LCGU) was used to study the compensatory process following hemilabyrinthec tomy in adult cats. In the critical stage when the cats were uncompensated, LCGU in the deafferented vestibular nuclei was well below that of the intact side. Increased LCGU was seen in contralateral nucleus reticularis parvocellularis, the bilateral nuclei pontis, and the ipsilateral abducens nucleus and its ventral parts. Activity levels in the inferior olive were essentially unchanged. In the cerebellum, the posterior vermis and the nodulofloccular lobe were very active. LCGU in the cerebellar nuclei was not noticeably changed. In the compensatory stage, the rate of LCGU in the deafferented vestibular nuclei had increased to that of the intact side. The increased LCGU was bilaterally evident in the nuclei reticularis parvocellularis, gigantocellularis, and lateralis, and superior colliculus. The posterior ver mis, nodulus, and cerebellar nuclei were active.<BR> Destruction of the vermis, fastigial nuclei, and surrounding white matter produced marked im balance during walking and a tremor of the head during feeding. These signs subsided very gradually .
immediately after unilateral labyrinthectomy and lasts for several days, 11,19,27) and restoration of nor mal activity in the compensatory stage. Although changes in the activity of neurons within the de afferented vestibular nuclei may play a role in compensation, 21) structures other than the vestibular nuclei most often found to play a role in rapid and complete compensation are the spinal cord,) the cerebellum, 21) the cerebellar nuclei,') and the visual system. 13) Concerning the role of the cerebellar system in vestibular compensation, Llinas and Walton14) concluded that the cerebellar nuclei and the integrity of the inferior olive are important in achieving and maintaining compensation. Most recently, Galiana et al.") showed that commissural pathways, which connect the two sides of the brainstem, are possibly important sites of adaptive modulation of the static characteristics of vestibular responses.
To examine this area further, we performed two sets of experiments. In the first we used the auto radiographic [14C]deoxyglucose method for quanti tative determination of local cerebral glucose utili zation (LCGU),29,30) which served as a marker for the plastic changes generating vestibular compensation. Our second object was to elucidate the effects of interruption of crossed vestibular nuclear coupling via transreticular27) and transcerebellar9) pathways on vestibular compensation, using chronically hemi labyrinthectomized cats. We shall first describe the changes that occurred in the various nuclei of the brainstem and the cerebellum and then discuss the importance of vestibular crossed pathways involving both the brainstem and the cerebellum. Some of the results we present have appeared in brief form") and were presented at the Satellite Symposium on 
Results
Postural characteristics of the cats 2 hours following right hemilabyrinthectomy are shown in Fig. 1A . The animals were very unstable and tended to circle toward the lesioned side. In the critical stage rapid, spontaneous vestibular nystagmus of 80 to 120 beats per minute was observed. By 24 hours following hemilabyrinthectomy, the rate had slowed remark ably, to 30 to 50 beats per minute. Figure 1C and D illustrates the time course of vestibular compen sation in the cat. Within 2 to 3 weeks after hemi labyrinthectomy, the above mentioned postural ab normalities had almost completely disappeared (Fig.  113 ) except when the animals were under light anes thesia.
I. Normal cats
Autoradiographs of selected regions of the brain stem and cerebellum of a normal, conscious cat are illustrated in Fig. 2 . A coronal section taken through the cerebellar cortex revealed that the radioactivity was concentrated in the granular and Purkinje cell layers. In this figure the cerebellar nuclei can be seen very clearly and the fastigial, inter positus, and dentate nuclei can also be distinguished. Within the brainstem several cell groups are recog nizable: the vestibular nuclei, inferior olive, and colliculus. The rates of LCGU were measured in the following structures of the brainstem: vestibular nu clei (medial, lateral, and inferior), nuclei reticularis parvocellularis, gigantocellularis, and lateralis, for matio reticularis, inferior olive, abducens nucleus and its vicinity, superior colliculus, and nucleus reticularis pontis. In the cerebellum the LCGU rates were measured in the anterior and posterior vermis, hemisphere, nodulofloccular lobe, and cerebellar nu clei (fastigial, interpositus, and dentate).
The rates of LCGU in the brainstem and cerebel lum of conscious cats are listed in Table 1 . The rates in gray matter were much higher than those in white matter. The values for LCGU in the conscious cat were considerably lower than those observed in the conscious rat.") The rates in the vestibular nu clei, inferior olive, colliculus, and nodulofloccular II. Uncompensated cats Two hours after right hemilabyrinthectomy, dur ing the critical stage when the cats were uncompen sated, distribution of activity within the brainstem and cerebellum was significantly different from that in the normal cat. Figure 3 shows the relative rates of LCGU in the lesioned cats (2 hours after right hemilabyrinthectomy), compared with normal con trol values. The greatest difference was in the medial, lateral, and inferior vestibular nuclei, where LCGU in the deafferented nuclei was well below (62% of the control value) that of the intact side (101% of the control value). Increased LCGU rates were noted in the contralateral nucleus reticularis par vocellularis (125%), bilateral nuclei pontis (150%), the ipsilateral abducens nucleus and its ventral parts (as high as 212%), and the ipsilateral superior col liculus (127%). In the contralateral superior col liculus the LCGU rate was reduced to 73%. Activity levels in the inferior olive changed little during the critical stage (102% of the control value). In the cerebellum, the posterior vermis and the nodulofloc cular lobe were very active. The LCGU rate in the cerebellar nuclei was fairly normal.
The rates of LCGU at 24 hours after right hemi labyrinthectomy were very similar to those at 2 hours after operation.
Decreased activity was ob served in the deafferented vestibular nuclei, while the LCGU rate was bilaterally increased in the nuclei reticularis parvocellularis, formatio reticularis mes encephali, and nuclei pontis. The inferior olive was also slightly active. In the cerebellum, the posterior vermis and nodulofloccular lobe were also active (Fig. 4) . III. Compensated cats Four weeks after right hemilabyrinthectomy, in the compensatory stage, the most salient feature was that the rate of LCGU in the deafferented vestibular nuclei (85-95%) had increased to equal that of the intact side (95%). Moderately increased activity was seen in the bilateral nuclei reticularis parvocellularis. On the other hand, the LCGU rate in the inferior olive was almost equal to that of the control cat (101-111%). In the cerebellum, the posterior vermis was very active (as high as 160%), and increased LCGU was also observed in the fastigial, interposi tus, and dentate nuclei (Fig. 5 upper) . No asymmetry was observed in the bilateral vestibu lar nuclei. The LCGU was bilaterally increased in the nuclei reticularis parvocellularis (140% of con trol), gigantocellularis (115%), and lateralis (157 167%), and superior colliculus (130%). The poste rior vermis (160%), nodulus (179%), and cerebellar nuclei (fastigial 150%, interpositus 130%, dentate 130%) were active as well (Fig. 5 lower) .
In the completely compensated cat (3 months after right hemilabyrinthectomy), destruction of the con tralateral (left) labyrinth produced a distinct nystag mus, its quick component being directed toward the first operated labyrinth, as if it were still intact. This phenomenon is called Bechterew's compensatory nystagmus.
2) The second labyrinthine destruction was also accompanied by head rotation and ocular deviation, as if the first labyrinth were still intact. Two hours after the second (left) labyrinthectomy, the rates of LCGU were quite similar to those of the previously described 2-hour postoperative (un compensated) cat. LCGU in the left vestibular nu clei (the second labyrinthectomy side), at 66 to 86% of the control value, was well below that of the first deafferented vestibular nuclei (80-100%). Increased activity was bilaterally noted in the nuclei reticularis parvocellularis and lateralis, formatio reticularis, nuclei pontis, posterior vermis, and nodulofloccular lobe (Fig. 6 ).
IV. Effect of cerebellar lesions
Destruction of the vermis, bilateral fastigial nu clei, and surrounding white matter in four animals subjected to hemilabyrinthectomy 1, 2, or 3 months previously and fully compensated produced marked imbalance during walking and a tremor of the head during feeding. These signs subsided very gradually.
V. Effect of interruption of vestibular crossed pathways
Destruction of the transreticular and transcere bellar crossed connections between bilateral vestibu lar nuclei (Fig. 7A and B ) in six animals hemi labyrinthectomized 2 to 6 months previously and fully compensated (Fig. 7C) produced tilting of the head toward the hemilabyrinthectomized side (Fig.  7D) . These animals showed severe motor disturbance during standing, walking, and feeding and in fact were almost unable to stand and walk. A very pro nounced head tremor was observed in all animals. This tremor subsided when the animals were at rest, but was always present during feeding. The severe motor disturbance did not abate during the 2 to 4 month observation period. 
Discussion
Rates of LCGU in the cat vary over a wide range, as in the rat. The rates in gray matter were generally three to five times those in white matter. In the con scious cat, LCGU was considerably lower than that observed in the conscious rat, and was very similar to that in the monkey.")
In the critical stage, 2 hours after hemilabyrinthec tomy, LCGU in the deafferented vestibular nuclei (62%) was well below that of the intact side. This is consistent with electrophysiological findings of de creased spontaneous activity in the critical stages following peripheral vestibular lesioning.11,19,23,21) In creased activity was seen in the nucleus reticularis parvocellularis, the ventral part of the abducens nucleus, the posterior vermis, and the nodulofloc cular lobe. These local changes in the LCGU rates may have been related to the generation of vestibular nystagmus and the marked postural abnormalities, and they may also have contributed to initiation of the compensation process. LCGU in the flocculus was very high (121 ,umol, or 197% of the control value) in the uncompensated stage and was not markedly increased in the compensatory stage, which may indicate that the flocculus is required for initiation (although not for maintenance) of the compensatory process following the induction of peripheral lesions. Courjon et a1.5) reported that nor mal cats subjected to hemilabyrinthectomy compen sate in about 2 months, whereas previously hemifloc culectomized cats are still very poorly compensated 2 to 3 months after hemilabyrinthectomy.
During the 4 weeks to 10 months after hemilabyrin thectomy (during the compensatory stage), the rate of LCGU in the deafferented vestibular nuclei equaled that of the intact side. In a study by Precht et al. '21) during compensation of vestibulo-ocular function the frequencies of spontaneous discharges by type 1 neurons on the destroyed side were still lower than those on the intact side. This might be responsible for the incomplete recovery of postural asymmetry. Their animals were not, in fact, in the compensatory stage. A major issue is defining the systems and mechanisms by which vestibular balance is restored. The reappearance of spontaneous dis charges of type I neurons after degeneration of pri mary excitatory sensory input may be caused by biochemical sensitization of deafferented type 1 neurons or by sprouting of other afferent fibers, such as those related to reticulovestibular connections.23) Dieringer and Precht6) reported that neurons in the partially deafferented nuclei in chronic preparations (hemilabyrinthectomized frogs) showed increased ex citability and increased synaptic efficacy in commis sural transmission.
More recently, Galiana et al." demonstrated that commissural pathways connect ing the two sides of the brainstem are putatively powerful adaptive modulators of the static charac teristics of vestibular responses. Our observations of behavior in the present study showed that, in fully compensated cats, interruption of the vestibular crossed connections through reticular and cerebellar pathways 1,21) resulted in reappearance of the symp toms observed immediately after production of a unilateral lesion. Bienhold and Flohr3) reported sim ilar observations following commissurectomy in fully compensated frogs. On the other hand, Smith et al.28) studied the effects of commissurectomy in hemi labyrinthectomized guinea pigs with an intact cere bellum. They demonstrated that postural symptoms were compensated in the absence of the (trans reticular) vestibular commissures.
In the present study, the vermis, fastigial nuclei, and surrounding white matter were aspirated to interrupt the trans cerebellar inhibitory interaction between the bilat eral vestibular nuclei. Thus, both the transreticular and transcerebellar crossed pathways linking the bi lateral vestibular nuclei were interrupted. When the only lesion in cerebellum, vestibular compensation is greatly delayed when the vermis and fastigial nuclei are involved. Therefore, further study is required to determine whether these cerebellar areas contribute to the overall system of crossed pathways linking the bilateral vestibular nuclei or whether they make another contribution to the compensatory process.
The compensatory stage is marked by increased activity in nuclei reticularis parvocellularis, giganto cellularis, and lateralis, superior colliculus, posterior vermis, nodulus, and cerebellar nuclei. This sup ports the hypothesis that vestibular compensation results from the combined activity of many brain stem and cerebellar structures. Following the loss of primary afferent input to the vestibular nuclei, the level of spontaneous activity is severely decreased and symmetry of function is lost. As the animal re turns to normal functioning, there is a proportio nate increase in activity in the deafferented ves tibular nuclei and in other structures. In vestibular compensation, input from the intact labyrinth may contribute to this reconstruction, and information derived from other sensory systems may also be important. Information from muscle, joint, and cutaneous afferents would first be integrated in the brainstem prevestibular nuclei and then proceed to the vestibular and cerebellar nuclei.") Descending stimuli from the cerebral cortex and visual centers, in cluding the visuotectal system, would influence the activity of vestibular neurons as well. According to Putkonen et al. ,24) static visual input is a necessary condition for compensation of the postural deficits of hemilabyrinthectomy in the cat. Maintenance of stable head position also depends upon continuous availability of visual input. All of these systems may modulate the output of vestibular neurons by in creasing activity in such a way as to correct for the postural and oculomotor abnormalities. 
